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UST  MATLKIALS  AND  LQUIPMLNT 


Figure  2.  Goges  In  Wheatstone 
bridge. 


In  terms  of  cquivaloni  strains  wc  have 


Note  from  this  cguition  that,  if  initial  conditions 
(i  c.  gage  resistance  and  gage  to-groui>d  resistame)  wcir 
the  same  for  gages  1 and  2 and  both  gages  decreased  by 
the  same  amount  in  their  gage- to-ground  resisiartce, 
these  changes  would  offset  each  other  artd  no  zero 
shift  would  occur.  However,  since  resistances  /f  | and 
have  effectivefy  been  shunted,  a change  in  sensi- 
tivity and  hence  calibration  would  occur.  Thus  vrme 
caution  must  be  used  in  interpreting  the  cause  ol  a 
zero  shift  in  a bridge  circuit. 

Assuming  an  initial  gage-to-ground  resistance  of 
20,000  MU  in  a full  bridge  circuit,  we  c.'n  calculate  the 
zero  offset  that  would  result  if  the  resistance  to  ground 
in  one  gage  decreased,  for  example,  to  100  MU.  Sibce 
the  gage  factor  for  our  gages  was  2.05  and  initial  gage 
resistance  was  350  ohms,  the  resulting  equation  is 

jL  - t20,000-l00)>  10*  . 0 995 

R^^  20,000x  iO* 

and  from  eq  5 


€ - 


! — (0,995)  — 

2.05x20,000  710*  (1-0.995) 


e = - l.7x  10'* 


or  - 1 .7  pin. /in.  ' 

Ihis  is  the  equivalent  strain  output  from  a full  bridge 
circuit  due  to  the  change  in  gage-lo-ground  resistance 
indicated  above. 

Since  this  is  about  the  limit  of  readability  ot  our 
strain  indicatiH  and  exceeds  even  the  0.1%  accuiacy  re 
quired  ol  precision  transducers  (assuming  2000  pin. /in 
full  scale  indicated  strain),  the  100  MU  limit  was  sel- 
ected as  the  failure  point  in  our  gage-to-ground  resis- 
tance measurements. 


The  materials  selected  for  testing  were  all  commei 
ciall>  available  and,  except  fur  the  waterprcM>ling  sys- 
tems, were  generally  used  in  our  laboratory. 

Beam  materials 

C'antilevei  beams  weie  chosen  as  the  test  specimens 
since  loui  individual  gages  could  be  installed  on  them 
and  could  be  wiird  into  a Wheatstone  budge  circuit  to 
monitor  possible  zero  shifts.  Ihc  beam  materials  sel- 
ected were  those  commonly  used  in  our  labor atwy  as 
transducer  elements  and  structural  elements.  Three 
materials  were  selected:  Ml 020  low  carbon  merchant 
quality  steel,  6061-76  aluminum,  and  17-4  PH  stainless 
steel  Ream  cioss-sectional  dimensions  of  1 .0-in.  ssidth 
and  0 25-in  thickness  were  selected  to  reduce  possible 
stiffening  effects  from  the  waterproofing  systems.  The 
17-4  PH  stainless  steel  beams  were  hardened  to  condi- 
tion H1025,  which  is  accomplished  by  heating  the  an- 
nealed beams  to  1Q25°r,  then  cooling  in  air.  Typical 
handbiHsk  values  fex  these  materials  arc  yield  strengths 
ol  35.(XK)  Ibf/in.’  for  mild  steel  (Joseph  T.  Ryerson  A 
Sons  1976)  and  aluminum  (Aluminum  Company  of 
Anu'iica  1958)  and  145,000  Ibf/ln.’  for  stainless  steel 
(Armco  Steel  Coip.  1966).  Young's  moduli  for  those 
mateiials  aio  30x  10*  Ibf/in,’  lor  mild  steel,  lOx  10*  Ibl/ 
in  ’ loi  aluminum  and  28, Sx  10*  Ibf/in.’  for  stainic'ss 
steel. 

Strain  gages 

Micio-Mcasurements  Series  WK  strain  gages  with  in- 
tegral printed  circuit  terminals  weic  used  for  Ihc-  tests 
Those  foil  gages  arc  fully  encapsulated  in  a glass  tihor 
reinforced  epoxy -phenolic  ic-sin.  The  "K"  alios  loil 
(nickoUhromium  alloy)  was  solcctc*d  because  ot  its 
high  endurance  limit  over  wide  temperatuio  ranges 
(Freynik  and  Ditlbenner  1976),  gixKl  stability,  and  the 
self-temperature  compensation  availability.  Gages  with 
theimal  expansion  coefficients  ol  6x  I0'*/“I  were 
used  on  the  mild  steel  and  stainless  steel  beams,  and 
13x  10'*/"l  on  the  aluminum  beams.  Although  self- 
temperature  compensation  is  not  always  necessary  in 
full  bridge  circuits  ficcausc  of  the  inherent  electrical 
compensation,  it  is  desirable  it  one  gage  in  the  circuit 
fails  and  an  external  bridge  completion  resistor  is  used. 

A gage  length  of  0,25  in.  and  gage  resistance  ol  3.50 
ohms  were  specilied.  The  nominal  gage  factor  was  2.1 . 
All  gages  to  be  mounted  on  each  beam  material  were 
specified  to  have  tbe  same  lot  number  to  luttbei  ensure 
that  all  gages  would  respond  alike  to  environmental 
changes. 

Adhesives 

Four  adhesives  were  selected  which  would  be  com- 
patible with  the  epoxy-phenolic  encapsulated  gages  and 
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a.  Loading  apparatus  with  test  beams  clamped  in  position. 


b.  Complete  loading  apparatus  in  operation, 
r igure  3.  Beam  loading  apparatus. 


t nfure  4.  Strjm  U\  jlion  on 


hi/ijrc  ■>.  n iniiij  Jia^rjn)  tot  Whftjt- 
\tonc  bridge  cin  uil. 


(I  i-  in  icnsii'n),  while  those  im  the  hottoni  jie  nen.i 
toe  tin  lompiession).  Sti.iin  ni_u'’'hiiles  .it  positions 
t .inj  J aie  eijual,  .ind  sti.nn  m.innituiles  .it  positions 
' .iiul  t .in-  .ilso  equ.il  1 loni  Appendix  A,  ei|  Al,  the 
sti.iin  in.i^-nitudes  at  positions  1 ansi  2 ate  7.p''  Is  10  * 
in  in  , I Ittjs  10  ' in  in  . anil  1 H lx  ll>  ' in.  in.  lor 
the  niilil  steel,  aUinnnuni,  anil  stainless  steel  heanis, 
rrspei  tiveh  I iVewise  the  strain  ma>:nituiles  at  posi 
tions  I aiul  I ai  e 0 1 tpx  1 0 * in. /in.,  1 41/xlO  ' 
m in  , anil  I ,Sltx  10  ' mm.  tor  the  same  lespeitise 
heanis 

Ihe  itoiernin):  eipiation  toi  strain  itaytes  in  a Wheat 
stone  hrultie  tl.ailielil  I'i’x)  is 


where  «■  hr  nine  output  soltane 
I hiidni'  mpiii  M'ltaRe 
A n.iKi'  las  tor  ol  strain  sages. 

Usms  a sagi’  laitoi  ot  J O-S  lor  the  senes  W k strain 
S.ISI’'.  hriil.se  outputs  at  tull  beam  iletlei lions  are 
1.721xUV  ' V'V,  :.^S2x  lO  ' \ \ , aiul  vMsx  10  ' 
\'/V  tor  the  mild  steel,  aluminum,  and  stainless  steel 
heams,  respectiieK  . Ihese  soltagi'  ratios  lonespond 
to  indiiated  strains  ol  V158  pin.  in.,  50.sS  pin  in  , and 
hVlJ  pin  in.  tor  Ihe  vime  lespeiliie  heams 

TLSl  INSIRUMI  NI  A1ION 

A speiitii  nondesii ui live  lest  tor  the  pieseiiie  ol 
H.iler  ift  .1  slr.irn  .s.ige  .issemhiv  is  .i  me.isuiemeni  ot 
insulation  resistanie  between  the  saili'  anil  S'mmsl 


r njurv  Jest  instrurru^nrution. 


(sprutniMi)  Aiiv  p.-lb  oiiut I inj;  lu'liMVii  ihc 

Nti.iin  or  ihi-  Icjil  wirfs  to  ({louiiJ  .illccts  the  ii- 
>.uiai\  ot  till'  sIraiK  nnMsiiii’nioiils,  and  it  was  shown 
iM’lioi  that  a Tr‘\istaiHi‘  thanno  troni  .tO.lHX)  MiJ  to 
UK' MiJ  tn  ono  na>;i' results  in  a 1 .7  ;iin.,'in.  error,  [he 
\ ishas  Instruments  Model  1 [(XI  na>ts'  installation  tester 
w.is  used  lor  >;a>;e  to  >;ie>und  measurements  and  also 
prosided  a means  tor  aesurateU  measuring  j;ane  resistante 
I oi  the  Wheatstone  hndRe  hookups,  twst  HI  H I lee- 
tioiiKs  tspe  ■'''  sssiiihinj;  and  halaneinf;  units  were 
used  to  initi.ilK  halanee  eaeh  sireuit  belore  each  test. 

A \ ishas  Instruments  .Model  P .[50.A  diftiljl  strain  in- 
duauri  ssas  useil  to  monitoi  the  milicated  strain  in 
e.nh  hi  nine  liuuit  (see  I ijt  h). 


V\  -XT  L KPRtXH  INt.  INST  ALIM  ION 

In  all  eases,  the  beam  specimens  must  be  piopeil> 
piepaied  toi  n.iv;e  installation,  the  strain  napes  installed, 
the  lead  wires  tested  .ind  soldered  to  the  papes,  and  the 
complete  installation  apain  eleaned  to  lemove  all  prease 
and  oil  before  appliiation  ot  the  water  pioolinp  s\stem. 
•Ml  these  prelimmars  piosediiies  were  peitoimed  ol- 
lowmp  the  manufaetuiers'  instiuetions,  and  aie  dis 
cussed  in  detail  in  -Xppendtees  H.  t , and  0 I he  lol 
Icswinp  parapraphs  prswide  detailesi  slessiiptions  Uir 
appl\  inp  eash  ol  the  eoatinps.  I ipures  7 throuph  N 
sh^iw  completed  installations  ot  all  walerprootinp  svs- 
terns  used. 

Harriei  A is  a HI  H I Icclronics  pioduct  consistinp 
ot  a tiberplass- 1 efion  pressure-sensitive  silicone  adhesive 
tape  and  a silicone  sealer.  Althiiuph  the  systein  ap- 
peared tsi  be  vers  simple  tvi  install,  we  experienced 
mans  piobleniswith  initial  attempts  at  installation. 

[he  specimen  surlace  was  cleaned  with  methyl  elhsi 
ketone  (Ml  K).  A piece  ot  tape  laipe  enough  to  ex- 
tend ' 1 in.  beyond  the  page  edges  and  in.  up  the 
lead  wiles  was  cut  and  pressed  liimly  over  the  gape  as 
sembis  A heavy  coating  of  silicone  rubber  was  ap- 
plied, overlapping  the  specimen  and  the  tape  about  'A 
in  Absuit  ' . hour  alter  the  scaler  was  applied,  the  tape 
edges  began  to  cuil  up  Several  applications  were  at- 
lempleil  with  onis  par lial  success.  I inalls  the  kit  was 
returned  to  HLM  (.lestronics,  and  their  tests  in- 
dicated a detect  in  the  tape.  A new  kit  was  sent  and 
no  problems  were  experienced  with  this.  More  than 
one  application  ol  se.iler  was  applied  to  the  lead  exit 
area,  since  the  leads  '•wicked-up"  some  of  the  sealer, 
[he  sealer  did  not  appear  viscous  enough  to  alU'W  ap- 
plication ol  this  system  on  vertical  surfaces.  The  sealer 
cures  in  one  hour  at  room  temperature;  howevei , it  re- 
nrains  "tackv  " indelinilely 


Hairiei  ( , lioni  HI  II  I leitionics,  is  a sinpli  compo 
neni,  acid  tree,  translucent  silicone  lubber  ll'.il  is  room 
tenr(>eiatuie  vulcani/inp  (K  I V ) Harnei  C is  also  avail 
able  from  other  distributors  under  oilier  names  and  i' 
simply  a lube  ol  Dow  (oiniiig  [l-lORfX  co.ilinp  Ibis 
IS  also  available  in  laipei  c|U.irilities  to  poveinmenl.il 
agencies  ihiuuph  (iSA  and  is  the  same  as  I ede  al  Stock 
Number  5‘>70  791  (7 H>  insulating  tomptiuiul.  We 
moditied  the  lecommended  application  pioceduie  b\ 
lust  .ipplyinp  a coating  ol  Micro  Measuienienis  \1  ( oat 
D.  I his  was  allowed  to  cure  loi  two  hours  Ihenacoal 
inp  ol  Micio  .Measuiements  M ( oat  H vvas  applied  ovi  i 
the  M ( oat  D ,iiul  extended  up  the  gape  leads  to  ad  as 
an  insulation  (uimei  coat  AHei  ai'oibei  two  lioui  cuie 
the  Harriei  ('  was  spread  ovei  the  entile  area  I he  K I \ 
^crating  lequiics  approximatelv  2-1  hours  cure  tune  tor 
each  0.02  in.  coating  thickness  at  lomn  icmpeiatuii 
and  S{Kv  relative  hunnditv . 

Barrier  [1,  available  from  HI  M L lec ironies,  is  .■  two 
part  epoxv  lesin  which  comes  in  piemeasureu  I'acX.tges 
with  a separator  between  the  lesin  and  the  ha'  li  nc  i 
Ihe  epoxy  is  mixed  h\  lemovinp  the  sepaiatoi  and 
kneading  the  bag  lor  al'oul  live  mmLles  Iheep  >xv  o 
applied  with  a spatula  A coating  ot  Ic'v  tha'  ' ^ in 
thickiic-ss  IS  lecommmded  to  avoid  reinloic..'g  the 
specimen.  I c>i  long  icm  vvatei  immersion.  tw.>  coats 


of  less  than 


1.  thickness  each  art  r c mmtndcd. 


Because  our  spc’cimens  were  only  ' 4 in.  thick,  we  ap 
plied  only  one  coating  to  avoid  possible  sottenire  -i 
the  test  beam.  The  coaling  was  extended  ' 4 im  nevond 
three  edges  ol  the  gages  and  Vj  ih.  up  the  lead  wires 
rhe  coating  was  cured  tor  ’/j  tv'  one  hour  under  a ht*al 
lamp  with  spec  imen  temperatures  of  1 50  to  200  I 

Bariier  I , anothei  Hl.H  Llectronics  product,  is  a sod 
Butyl  rubbei  with  a patch  ot  untabricaled  Neoiuene 
rubbei  lor  mechanical  protection,  [he  (Mich  was  cut 
to  si/c,  allowing  a '^4  in.  border  around  the  gage  and 
in.  beyond  the  terminals  at  the  lead  end  Ihe  patch  was 
then  applied  to  the  specimen  and  piessed  tuinlv  with 

the  fingers.  1 he  Neoprene  was  pullei' i’ac  x slighllv  at 

the  lead  exit  end  and  Ihe  Butyl  rubber  kneaded  auiund 
and  under  Ihe  lead  wires,  [hen  the  Neoprene  lacket 
was  replaced  -ind  piessed  lirmlv  to  exclude  all  air  bub 
hies.  This  W.IS  bv  l.ii  the  e.tsiesi  wateipiooting  coaling 
to  apply  and  lectuiied  nc'  cut  inp. 

Hairier  WC',  disliibuted  by  HI  II  [.lectionics,  is  a hard 
micii’ciyslalline  wax.  The  wax  was  heatc"!  to  ai'pioxi 
mately  170"r  to  melt  and  then  hiiished  c'li  the  speci 
men,  which  had  been  preheated  to  appioxim.ttelv 
I10"r.  The  yvax  was.ipplied  in  l.iveis  to  about  ' h in. 
thick  and  finally  smcu'lhecl  c'vei  with  a heated  metal 
spatula.  On  the  lead  exit  side  ot  the  gages  Ihe  cc'ating 
extended  as  tar  as  pr.tclic.il,  withc'ut  inter fering  with 
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/ itjun-  14.  M Ohiti’l  iruriMition. 


BPmOBIHlK 

r-t’.  - y ' 1 

4- •■'>*'?•.  ,L-  • ; 

ihi'  il.iiiips,  .iiHl  ‘ < III  lu-Nolul  ilu'  it-m.iininK  K.i^i' 

iMiti'N  I lii\  iiMliri^  i.iiiiuii  tv  .ippliCkI  111  vk'iliijl  iiiK 
Ian"'.  tik>wi-\k'i,  It  IS  kjuili-  easy  Ui  apply  to  waiin  him 
.'onial  Miit.ui's 

Hamri  VV|),  alsu  ilitiiihuirtl  by  lU  tl  b lyctiiiitKH, 

IS  .1  Mill  pasii-  like  wav  whiih  tan  Iv  appliotl  to  a tnlil 
sgilati*  with  a spatula,  (hv  wav  leinains  suit  atloi 
applik.aiii>n  aiul  piusidrs  nu  mcthanical  proirtiiun. 

Ilu*  "hwttfiins"  methiid  kd  applltalion  was  used, 

SUM-  liiMlinc  Iho  wav  has  a li'iidciu  v !(>  di'Kiadt*  its 
adtu'sisi'  khaiai  li-i  isiiss.  I vua  laii'  was  lakon  lu  cual 
l<k-iH'aili  Ilu-  If.ul  wiles.  Altoi  appliiatiuii.  the  Ic.id 
wiii-s  wi‘ic  sivuifd  111  puwent  am  iiiuvi'iiwiU  which 
iiHilkl  liiiiii  i.haiiiii‘ls  till  wali'i  iiiliusiiui.  Althiiu)(h 
the  iiianul.ii  luii-i  ii-tuniiiieiuls  hi'aliii)(  the  spotimpn 
liiiiii  I .'t>  Ik'  I vO  'l  il  pussit'lo,  wv  ilid  nut  dll  this  tv 
lausi'  thi-  piiiiiaiy  use  lui  this  luatipit  wuuld  piuhahly 
tv  in  Ill-Ill  iiistallaliiuis  whoii-  luMlin);  may  nut  Iv 
pi'ssih  1' 

M C'ual  I . Iiuiii  MiiiU'Mrastirrnirnts,  cunsists  111  an 
assitftnii-ni  uf  iiiati-iials  iiHltiilinK  .1  suit  and  phahir 
Hnlyl  iiibb*-!  soalanl,  Noopifiv  lubber  sheets,  alumi 
niiin  lull  lape,  and  M I'uat  1)1  whiih  is  a sulvent 
ihinned  nilnli-  lut'lvr  We  used  a viniple  kil  ul  M Ci'al 
f , whiih  di.)  run  luntain  the  .duminuni  lape.  instead 
a Hulvl  rubber  tape  with  a heavy  aluininuin  luil  bai  k 
iiig  t.)M  Siutih  I ape  Nu  S|-80S0\)  was  substituted 
Ihe  lead  wiles  were  lirsi  coaled  ne,ir  the  gage  area 
with  M I oal  HI  When  this  primer  diied,  a Butyl  mb 
ber  pad  w.is  tut  to  evtend  appiuvimately  Vi  in.  heyund 
the  three  odges  ul  Ihe  siiain  gages  and  abuul  I in.  up 
the  lead  wnes  The  Hulvl  rubber  was  plated  over  the 
gage  area  and  laretulty  formed  around  the  lead  wires 
to  oliininaie  possible  leakage  paths.  Since  we  used 
aluminum  toil  tape  over  the  complete  assembly,  the 
Neopiene  patch  wascul  about  V4  in,  smaller  than  the 
Hulvl  lubber,  which  provided  a smooth  contour  lor 
Ihe  aluminoni  tape  After  Ihe  Neoprene  was  placed 
III  position,  the  aluminum  tape  was  installed  and  the 
iviges  and  lOiners  sealed  with  M-Coat  B1 . We  evpcri- 
eiiied  some  problems  with  Ihe  M-Coal  f system.  On 
Ihe  first  installation  attempt  a heavy  layer  of  M-Coal 
BT  was  applied  to  the  lead  wires  with  Ihe  idea  that 
this  would  help  till  m the  gaps  between  the  lead  wiles. 
Ihe  leni.iinilei  of  Ihe  installation  w.is  peilormed  ac- 
lording  to  the  manufaciuier's  instiuclions.  When  all 
lompU'ied  installations  were  checked,  Ihe  gages  wuie 
evientiailv  shoiied  to  ground.  Apparently  the  layei  of 
M-('oat  B1  was  too  thick,  preventing  release  ot  some 
of  the  solvent  atlei  cure  was  assumed  to  be  complete. 
We  assumed  all  applications  of  this  ss  stem  were  a 
taihiie  and  removed  them.  On  the  second  installation 
allempi,  instead  ot  allowing  the  M ('ivtl  BT  to  diy  toi 


only  Iwo  luniis  as  ivi oiimii  iidi  d,  wi  moniloiitl  dn 
gage  10  grour  d lesislaiu  i-  and  when  Ihis  value  e\i  l edeil 
UI.IHH)  Mi2,  we  lonsideii-d  ihe  loalmg  pio('i  ilv  lUiekl 
We  lound  cuiing  limev  id  up  to  ihiee  il.iv  s at  loiim 
lempetaluie  weie  rei|uiieil  beloie  suhseuuenl  l.iiei- 
loulil  tv  applied  I’ailiiulai  caie  vlioulil  he  laken  1,1 
pieveiit  inovement  ol  die  le.id  wiiev  duimg  die  i iniii.t; 
ol  M l oal  HI,  viiiii-  Ihe  vinyl  insulalion  beiomes  leiv 
soil  and  IS  vusceplihle  to  damage.  Ihe  viml  again  be 
comes  lelalivels  lough  at  lei  dm  i oal  mg  li.is  i iiu-il 
piopeilv . 

M I oal  111  is  disliibuled  by  Mnni  Me.iMiiemeitii  .111.) 
IS  a two-pall,  1 IHI'y  solids,  polysulliile  miiiiiln-d  i-p''s\ 
in  a pourable  Imm  I 01  long  leim  walei  immeisii>ii, 
the  man11l.11  liiiei  levommends  dial  a pu-io.il  I'l  M t o.il 
O.  wbiih  IS  a solseni  Ibmneil  .uislii  . be  biusheil  on  in 
•Ilea  evleniling  appiovimalely  ‘ 4 in  bey  oiul  die  g.ige 
edges.  Ibis  maliiig  is  seiy  linn,  (nei  linliiii;  .ippln  .ilion 
on  set  Inal  surlaii-s  Hi-loie  apply  mg  M I oat  ( •!  . du 
lead  wires  well- mated  wiib  M Coal  HI  .mil  1 uieil  piop 
eily  as  pieviously  desiiilvil.  I he  M t oal  t •!  ss„s 
mived  and  poured  over  Ihe  gage  assembly . .iiul  ii  ii  .is 
siniHilhed  w ith  .1  gl.iss  I oil,  taking  1 aie  In  asoul  ti  .ip 
pmg  .III  bid'bles  m die  i o.itmg  1 he  sim  I 11  iie  msul.i 
linn  i aused  some  "11 11  king"  id  the  1 0.1  ling,  whn  li  le 
i|uiiei1  a lei  oal  in  die  lead  win-  aie.i  Ibis  loaling 
sliiiulif  be  api'lii'il  III  .1  Ill'll  veilldaleil  aie.i  t uie  is  as 
loniplete  m J-i  liouis,  .imt  itie  maliiig  aniuiied  .1  li'u.gb. 
lublviy  consisienis 

TI  SI  l‘KO(  I nilKI 

An  ideal  test  would  ov.iilly  duplicate  all  anin  ipaled 
iipeiatuig  londitiiins,  howevei,  dm  is  otieii  impossitile 
in  the  laboiators . hi  oidei  to  iliiplii.ile  tield  loniliiioiis 
as  iloselv  as  possihle  the  following  tests  weie  (iroposeil 
load  cycling  Ihe  lest  beams  at  tmim  lempeialuie  m .m 
and  utidei  walei,  and  the  tuithei  testing  vd  the  lie.ims 
ill  an  at  l^‘’l  .iiid  unilei  water  at  In  .uldilMii. 

Iiee/e  thaw  cy lie  tests  weie  uin  without  lo.iil  isiliiig 
|sinie  it  ssas  impossible  In  llev  the  ne  shiuiideil  beams) 
at  ipmpei.iiuies  lioni  to  t‘)0''l 

Ibe  liisi  pan  ol  the  lest  piogi.im  imolieil  u-siing 
12  beams,  wliiih  iiuludeil  lout  eaib  ol  die  mild  steel, 
aluminum,  and  sl.imless  sieel  speiimeiis,  Ibe  Insi  sei 
tested  nil  lulled  eaib  ol  die  loin  gage  adhesnes  |l  I’N 
ISO.  ( PV  ISO,  PI  D 700.iiid  M bIO)  .ind  l.'Ui  ss.ilei 
pi  ool  lug  sy  stems,  H.niiei  \VC,  Haiiiei  WI',  M ( 0.11  (.1  . 
anil  M Coal  I Inili.d  me.isuiemenis  iseio  laken  ol 
gage  111  giouiiil  lesisi.iiiie,  gage  lesistani e,  and  miln.iled 
sliamswidi  die  beams  unilellei  led  and  lulls  dellei  leil. 
Ihe  he.ims  iveie  dien  lo.ul  cv<  led  Il'O.OlH)  times  in 
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each  of  the  environments  described  above.  After  each 
test,  measurements  were  again  taken  on  each  gage  and 
each  bridge  to  determine  if  failures  had  occurred  and 
possible  causes  of  the  failures.  The  bridge  circuits 
were  then  rercroed  before  load  cycling  in  a new 
environment. 

The  second  set  of  12  beams  tested  also  included  the 
same  beam  materials  and  adhesives  as  the  previous  set; 
however  the  waterproofing  systems  were  Barrier  A, 
Barrier  C,  Barrier  0,  and  Barrier  F..  The  beams  were 
subjected  to  the  same  environments  and  load  cycles 
as  before,  and  identical  measurements  were  taken  to 
determine  the  gage  assembly  integrity. 

The  test  apparatus  was  constructed  to  load  the 
beams  in  only  one  direction,  and  so  two  gages  on  each 
beam  were  loaded  in  tension  fur  each  set  of  tests,  and 
the  other  two  were  loaded  in  compression.  It  was 
originally  intended  to  turn  the  beams  over  after  the 
completion  of  orsc  test  series  so  tha;  etch  gage  assem- 
bly would  experience  both  tensile  'od  compressive 
strains.  One  set  ut  beams  was  load  cycled  in  air  at 
TO^F  and  32°F  and  in  water  at  32®F,  then  turned 
over  and  the  tests  repeated.  No  additional  failures 
were  recorded  after  the  beams  were  turned  over.  The 
other  set  of  12  beams  was  tested  under  identical  con- 
ditions and  the  beams  turned  over  as  before.  The 
loading  apparatus  failed  before  completion  of  the  last 
test  scries.  We  decided  not  to  repair  the  loading  appar- 
atus and  complete  this  test  scries  since,  as  stated  be- 
fore, no  additional  failures  had  occurred  in  the  other 
set  of  beams  after  turning  them  over. 

Both  sets  of  beams  were  then  placed  in  containers 
of  water  and  put  through  a more  rigorous  frec/e-thaw 
cycle  without  loading  the  beams.  Initial  readings  were 
taken  at  room  temperature  in  air  and  in  water,  four 
freere-thaw  cycles  were  performed  at  temperatures  of 
+22‘’F  and  ••■75‘’F  respectively  and  six  more  cycles  per- 
formed at  frec/e-thaw  temperatures  of  -30"  and  +75"F 
respectively.  The  gages  were  tested  tor  leakage  follow- 
ing each  individual  cycle  and  then  finally  monitored 
for  two  days  while  drying  in  air  at  •♦•75“F.  This  gave 
an  indication  of  which  assemblies  contained  trapped 
moisture  that  could  not  be  easily  dried.  The  fact  that 
the  direction  of  load  cycling  was  not  reversed  on  the 
one  set  of  beams  was  of  no  concern  sirtcc  the  majority 
of  failures  occurred  during  the  more  rigorous  free/e- 
thaw  cycles. 

At  the  completion  of  all  assembly  testing,  the  lead 
wires  were  removed  from  all  gage  assemblies  that  were 
determined  to  be  faulty.  Resistance-to-ground  meas- 
urements were  again  performed  on  the  wires  only  to 
determine  if  leakage  occurred  through  the  lead  wire 
insulation. 


The  test  results  are  summaii/ed  in  Tables  I through 
III.  Table  I shows  that  Barrier  D was  the  otrly  water- 
proofing system  that  passed  all  tests  without  ans  lari 
ures.  As  noted  earlier,  only  one  coat  of  thrs  epoxy  w.is 
applied  instead  of  the  two  coats  recommended.  Three 
systems,  M-Coat  GL,  M-Coat  T,  and  Barrier  E,  each  had 
one  failure  out  of  12  installations;  while  Barrier  A only 
had  two  failures  out  of  12  installations. 

Failures  of  the  M-Coat  GL,  M-Coat  F,  and  Barrier  L 
systems  occurred  at  the  very  start  of  the  tests,  indicat- 
ing that  these  installations  may  have  been  initially  faulty 
Tables  II  and  III  show  the  correlation  between  ad- 
hesive type  or  specimen  material  and  waterproofing 
failure.  Although  more  failures  occurred  on  mild  steel 


Table  I.  Gage  assembly  failures  related  to  waterproof- 
ing type. 


Waterproofing 

total 

Oisemblies 

I'ailurei 

/ ail urcs 

W 

Barrier  WC 

12 

12 

100 

M-Coal  GL 

12 

1 

8 

Barrier  W» 

12 

6 

so 

M-Coal  F 

12 

1 

8 

Barrier  0 

12 

0 

0 

Barrier  A 

12 

2 

17 

Barrier  E 

12 

1 

8 

Barrier  C 

12 

3 

25 

Table  II.  Gage  assembly  failures  related  to  specimen 
material. 


Motehu! 

total 

assvtf^bUei 

! uHufcs 

Failum 

(%) 

Mild  steel 

32 

11 

34 

Stainless  steel 

32 

9 

28 

Aluminum 

32 

7 

22 

Table  III.  Gage  assembly  failures  related  to  adhesive. 


Adhesive 

total 

assemblies 

/ oitures 

/ allures 
(•^1 

tPY-ISO 

24 

8 

23 

tPY-3S0 

24 

fi 

2$ 

PLO-700 

24 

6 

25 

M-Bond  610 

24 

u 

25 

13 
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specimens  than  on  the  other  two,  it  is  difficult  to  draw 
any  conclusions  about  the  possible  cause  of  this.  Also, 
mure  failures  occurred  on  the  strain  gages  cemented 
with  EPY-1 50  adhesi/e;  however,  again  it  is  impos- 
sible to  draw  any  conc'us'uns  from  these  test  results. 

When  the  test  beams  were  oven-dried  for  24  hours 
at  122“F  at  the  completion  of  the  testing  program, 
five  Barrier  WD  installations  and  one  M-Coat  F instal- 
lation failed  to  regain  resistance-to-ground  values  of 
100  Mf2.  This  indicates  that  the  moisture  was  trapped 
in  the  gage  assembly  or  that  deterioration  within  the 
gage  assembly  had  begun. 

All  17-4  PH  stainless  steel  beams  broke  before  load 
cycling  tests  were  completed.  The  reason  for  these 
failures  is  uncertain,  since  the  beams  were  hardened 
to  condition  HI 025  with  a minimum  yield  strength 
of  145,000  Ibf/in.’  and  an  impact  strength  of  40  ft-lb 
at  -40"F  (Armco  Steel  Corp.  1%6).  The  fatigue 
strength  of  condition  H1025  material  is  88,000  Ibf/in.^ 
,it  10  million  cycles  and  74,000  Ibf/in.^  at  100  million 
cycles;  therefore,  since  the  maximum  theoretical  stress 
induced  in  these  beams  was  75,000  Ibf/in.*,  they 
should  have  endured  almost  100  million  cycles  in- 
stead of  the  150,000  to  400,000  cycles  which  they 
experienced. 

Only  two  gage  installations  were  found  to  have 
faulty  lead  wires  at  the  conclusion  of  the  tests.  One 
of  the  wires  was  mechanically  damaged,  and  indica- 
tions were  that  failure  occurred  after  all  temperature 
and  strain  cycling  was  completed,  leading  to  the  con- 
clusion that  the  insulation  was  probably  damaged 
when  removing  the  beam  from  the  test  apparatus. 

The  other  lead  wire  was  faulty  throughout  its  entire 
length,  and  since  the  gage  assembly  tested  poorly  dur- 
ing the  first  water  immersion  test,  the  conclusion  is 
that  a faulty  length  of  lead  wire  was  accidentally  in- 
stalled. 


SUMMARY  AND  CONCLUSIONS 

The  Barrier  D waterproofing  is  highly  recommended 
for  waterproofing  strain  gages  subjected  to  low  temp- 
eratures and  water  immersion,  since  all  12  installa- 
tions survived  all  tests.  Barrier  E,  with  which  92%  of 
the  installations  survived  all  tests,  appears  suitable  for 
many  Field  applications  because  it  is  so  easy  to  apply. 
M-Coat  F and  M-Coat  CL  also  had  a survival  rate  of 
92%,  making  both  of  them  possibilities  as  low  temp- 
erature waterproofing  materials.  Each  of  these  sys- 
tems possesses  peculiar  characteristics  that  should  be 
considered  before  selection  is  made. 

Barrier  D is  a hard  epoxy  coating  which  could  re- 
inforce thin  specimens  or  low  modulus  specimens. 


The  epoxy  is  viscous  enough  to  apply  on  vcrt’cal  sur- 
faces. Although  two  thin  coats  are  recommended  foi 
water  immersion,  one  coat  performed  well  in  our  tests. 
The  system  requires  elevated  temperature  curing,  which 
may  limit  its  application. 

Barrier  E is  simple  to  apply  since  it  consists  of  only 
a rubber  patch.  Extra  care  must  be  taken  to  l.nead  the 
soft  rubber  around  the  lead  wires,  which  may  be  diffi- 
cult in  confined  areas.  The  rubber  patch  remains  pli- 
able at  low  temperatures  and  will  not  cause  significant 
localized  reinforcement  in  the  specimen. 

M-Coat  F provides  more  mechanical  protection  and 
a longer  path  length  against  water  intrusion  than  Barrier 
E because  of  the  aluminum  foil.  Although  application 
is  more  complex  than  for  either  Barrier  D or  Barrier  L, 
there  may  be  certain  applications  where  this  extra  ef- 
fort is  justified. 

M-Coat  GL  is  not  to  be  used  on  open-faced  gages 
or  where  it  will  come  into  contact  with  strong  acids  or 
solvents.  It  does  not  cause  as  much  localized  reinforce- 
ment as  Barrier  D,  which  makes  it  a more  useful  epoxy 
coating  for  thin  or  low  modulus  specimens. 

Although  our  tests  indicated  one  waterproofing  sys- 
tem to  be  superior  to  all  others,  it  should  be  empha- 
sized that  installation  technique  is  very  critical  for  all 
systems. 
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APPENDIX  A;  CANTILEVER  BEAM  DESIGN 


i 


c 


& 


A licc-biHly  diantam  of  a typical  beam  is  shown  in 
Eigurc  Al.  Ihc  basis  dilfs'ts'niial  ('s|iiation  lot  a loads'd 
beam  is 

(Al) 

dx"  El 

where  M - bending  moment 

L = modulus  o(  elasticity 
/ = moment  of  inertia. 


M|=  P«  (i 

R,  = P ' 

y 

Figure  A I.  Free  foody  diagram  of 
cantilever  foeain,  where  P is  applied 
force,  R reaction  force,  and  M the 
reaction  moment. 


for  the  loading  shown  in  figure  Al 

(A2) 

dx^  tl 

and  the  boundary  conditions  are  at  a =0,  dyjdx  = 0, 
><  = 0,  and  at  a = C,  >'  = . Integrating  eq  A2  and 

applying  the  first  boundary  condition,  we  obtain 

±=S(pKx-!^).  (A3) 

da  El\  2 ' 

Integrating  again  and  appl\  ing  the  second  boundai  y 
condition  gives 


(3Va*-a  ').  (A4) 

bl  I 

The  Stress  due  to  bending  in  a beam  is  given  by 


where  s is  the  fiber  stress  and  c the  distance  from 
neutral  axis  to  point  ol  interest. 

Substituting  the  applicable  bending  moment  for 
this  cantilever  beam  we  obtain 

s^mzllL.  (A6) 

I ombining  cq  Ad  and  Ab  and  using  the  third  boundary 
condition  for  the  beam,  the  following  equation  for 
stress  results: 


3Ec(>.’-a)y„ 

I’i 


(A7) 


The  maximum  stress  due  to  bending  must  be  less  than 
the  yield  strength  of  the  beam  mater  lal.  ) his  maximum 
stress  occurs  at  a - 0 in  cq  A7,  which  gives 


Ucy. 


where  Syp  is  the  yield  strength  of  beam  material, 
solving  eq  A8  lor  length  gives: 


(A8) 


\FS 


(A9) 


For  minimum  yield  strengths  ol  35, IKK)  Ibl/in.’  for 
mild  steel,  35,0()0  Ibl/in.’  lor  aluminum,  and  145,000 
Ibf/in.’  for  stainless  steel,  minimum  respective 
lengths  of  10.‘f8  in.,  6.34  in.,  and  5.36  in.  were  cal- 
culated from  eq  A9. 

Since  it  was  desirable  to  test  as  many  beams  as 
possible  at  one  time,  it  was  decided  that  1 2 beams  be 
tested,  which  would  allow  the  test  apparatus  to  be  of 
a reasonable  ji/e  for  handling.  Beam  lengths  chosen 
were  1 1.25  in.  lor  mild  steel,  8.75  in.  lor  aluminum, 
and  7.50  in.  for  17-4  PFf  sUinless  steel.  Substituting 
these  values  lot  C in  cq  A7  and  evaluating  the  stress 
at  .v-0,  we  obtain  the  tollowing  maximum  bending 
stresses:  33,333  Ibf/in.’,  18,367  Ibf/in.',  and  74,000 
Ibf/in.’  in  the  mild  steel,  aluminum,  and  stainless 
steel  beams,  respectively. 

From  cq  A4  and  Ihc  third  boundary  condition  for 
Ihc  beam,  we  obtain  the  following  expression  for  the 
lo.td  required  to  deflect  Ihc  beam: 


IS 


= (A10) 

When  deflected  0.375  in.,  th«  forces  required  to 
deflect  the  beams  are  approximately  31  Ibf  for  the 
mild  steel,  22  Ibf  for  the  aluminum,  and  103  Ibf  for 
the  stainless  steel.  Total  force  required  to  simultan- 
eously deflect  four  beams  of  each  material  is  624  Ibf. 

The  strains  at  any  point  on  the  beam  can  be  cal- 
culated by  dividing  A7  by  the  modulus  of  elasticity 
L 

c = (All) 

where  e = strain. 
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APPENDIX  B SPECIMEN  PREPARATION 


lwrnl\  loui  (..iiUilocr  boani  spci linens  eij{hi 
e»th  of  miW  sioel,  aluminum,  aiul  siainless  steel  were 
pieparesl.  I oui  sttain  gaites  weie  applied  to  each, 
which  reguiied  caielul  cleaning  and  degieasing  ol  each 
of  these  locations.  I wenty-loui  gage  sites,  on  two 
beams  of  each  id  the  three  mateiials,  were  prepared  at 
one  time,  since  one  adhesive  would  be  used  on  these 
24  gages. 

I he  areas  where  the  gages  were  to  be  located  were 
initiallv  degieasesj,  then  sandblasted  to  remove  rust, 
oxides  and  .cale,  and  subsequentlv  smoothed  using  a 
small  hand  grindei . The  areas  were  then  sanded  b\ 
hand  using  progressively  liner  s.ind  paper,  finally  end- 
ing with  .UHl-grit  papei  At  this  stage  the  gage  area 
must  be  free  fiom  pits  c>i  scratches,  which  may  cause' 
eiioneous  strain  indications. 

Chloiothene  Nil  degieasei,  a chloi mated  hvdro- 
caibcm,  w as  used  to  clean  the  entire  beam.  I be  beam 
was  then  placed  on  a clean  glass  surface  and  the  gage 
sites  and  immediate  surrounding  areas  e ere  moie 
thoroughly  degreased.  Alter  both  sides  of  each  beam 
were  degreased,  the  gage  sites  were  etched  using  TOO- 
giit  emery  paper  wetted  with  M-Piep  Conditioner  A, 
which  is  a weak  phosphoric  acid  compound.  Cage 
alignment  marks  were  then  laid  out  using  a degrea.ed 
ruler  and  a ball  point  pen. 

Ihe  alignment  marks  were  made  with  only  enough 
pressure  to  leave  visible  marks  after  the  ink  wav 
washed  c'll.  Colton  swabs  soaked  in  Ihe  acid  were 
then  used  to  lepealedly  scrub  the  gage  areas.  I he  sen  • 
lace  was  considered  sufficiently  clean  when  a clean 
cotton  lip  did  not  discolor  during  scrubbing.  Sullicient 
.u  id  was  used  to  maintain  a wet  metal  surlace  during 
the  scrubbing  pii'cess.  When  the  surface  was  iinlged  to 
be  sufticiently  clean,  a cotton  swab  soaked  in  the  acid 
was  passed  over  the  cleaned  area  in  one  direction 
Ihis  was  repeated  4 S times  using  a clean  swab  alter 
each  p.iss  and  alwavs  wiping  in  the  same  direction, 
then  a clean  gaii/e  pad  was  used  to  dry  the  area  by 
making  a single  slc>w  stroke  through  the  cleaned  area. 
Ihis  stroke  began  inside  the  cleaned  area  to  prevent 
dragging  contaminants  into  the  cleaned  area.  Ihen 
another  clean  gau/e  pad  was  used  and,  beginning  in  Ihe 
cleaned  area  again,  a single  stroke  was  made  in  the 
same  direction.  1 his  conditioning  pic'cess  was  re- 
peated lor  both  gage  sites  on  one  side  of  each  beam. 


Ihe  beams  were  Ihen  turned  over,  being  carelul  not  to 
contaminate  the  cleaned  areas,  and  the  same  procedure 
lollowed  on  the  other  side. 

1o  bring  the  surface  condition  back  to  an  alkalinity 
of  between  7.0  and  7.5  pH  lor  optimum  strain  gagv 
.idhesion,  a neutiali/er  was  required.  Like  the  acid, 
neulrali/er  was  applied  with  a cotton  swab  making  4-5 
passes  always  in  the  same  direction  and  always  starling 
within  the  cleaned  area.  The  surface  was  dried  as  be- 
fore. using  two  clean  gau/e  pads  and  wiping  in  two 
single  strokes  in  the  same  direction.  Ihe  surface  was 
then  ready  loi  gage  installation. 

1 ach  individual  stefi  was  completed  on  both  sides 
of  the  beams  beloie  proceeding  to  the  next  step. 
Otherwise,  tor  example,  if  one  side  ol  the  beam  had 
been  neutiali/ed  belore  the  opposite  side  was  conditioned 
with  the  .tcid  solution,  sonte  ol  the  acid  m.iy  have  acci- 
dentally been  in  contact  with  the  neutralized  surfaces, 
resulting  in  a poor  adhesive  bond  between  the  gage  and 
the  specimen.  Therefore,  the  beam  was  placed  on  a 
clean  tissue  paper  during  the  gage  preparation  proce- 
dure; this  tissue  paper  was  changed  after  each  indivi- 
dual step  to  avoid  recontamination. 

Oage  installation  immediately  lollowed  specimen 
preparation  (i.e.  the  gage  was  mounted  on  the  beam 
iminediatelv  after  the  neutrali/ing  step);  otherwise 
oxidation  wc<uld  have  occurred  on  the  prepared  sui- 
Lice.  Care  was  taken  nt'l  to  touch  the  cleaned  area 
bec.uise  natural  skin  oils  would  also  contaminate  the 
area. 
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APPENDIX  C:  GAGE  INSTALLATION 

tiagcs  were  bonded  with  two  general  types  of 
adhesive  room  temperature  curing  and  elevated 
temperature  curing.  The  only  major  difference  in 
mounting  procedure  between  the  two  types  was  that 
the  elevated  temperature  cure  required  use  of  Teflon 
tape,  while  ordinary  cellophane  tape  could  be  used  to 
pjsitiofi  the  gages  that  were  bonded  with  room  tem- 
perature curing  adhesive. 

Gages  were  removed  Irom  the  packages  using  a 
clean  degreased  pair  of  twee/ers  and  placed,  bonding 
side  up,  on  a chemically  clean  glass  sheet.  The  bond- 
ing surface  of  each  gage  was  cleaned  using  M-Prep 
neutra  i/er.  After  the  neutralizer  had  dried,  the  gage 
was  turned  over  using  clean  tweezers.  Pieces  of  tape 
long  enough  to  extend  beyond  the  edges  of  the  gages 
and  to  permit  folds  at  one  end  were  applied  to  the 
gages.  The  tape-gage  assemblies  were  then  lifted  very 
carefully  off  the  glass  surface  and  lowered  over  the 
gage  alignment  marks  on  the  specimens.  The  tape  over 
the  properly  aligned  gages  was  smoothed  to  eliminate 
any  air  bubbles.  After  all  four  gages  were  aligned  on 
each  specimen,  the  tapes  and  gages  were  carefully  peeled 
back  from  one  end  taking  care  to  leave  one  end  of  the 
tape  adhered  to  the  specimen  to  aid  in  gage  realignment. 


A uniformly  thin  coating  of  adhesive  was  then  applied 
to  each  gage  bunding  surface  and  to  the  specimen,  with 
the  exception  that  EPV  150  and  LPY  350  weie  .ipplied 
to  the  gage  bonding  surface  only. 

The  tape  was  then  rolled  back  to  its  (jriginal  position 
with  the  gage  still  accurately  aligned.  A piece  u(  clcdii 
gau/e  was  wiped  firmly  over  the  gage  assembly,  which 
picked  up  any  excess  adhesive  squeezed  from  the  edges 
of  the  tape  and  left  a thin  uniform  layer  of  adhesive 
between  the  gage  and  the  specimen.  A thin  sheet  ol 
Teflon  was  placed  over  the  gage  area  to  prever.i  the  ad- 
hesion of  the  rubber  pad,  which  was  next  installed  to 
distribute  clamping  pressure  evenly  over  the  gage. 

Finally,  an  aluminum  pad  was  placed  over  the  rubber 
pad  and  the  entire  assembly  taped  down  prior  to  clamp- 
ing. The  assembly  was  clamped  to  provide  recom- 
mended clamping  pressures  for  the  particular  installa- 
tion. Spring  clamps  were  used  in  this  application  be- 
cause of  their  convenience.  The  adhesive  was  then 
cured  according  to  the  manufacturers’  recommendations, 
which  are  summarized  in  Table  Cl.  A typical  com- 
pleted gage  installation  on  one  side  ol  a beam  is  shown 
in  Figure  Cl. 


Table  Cl.  Curing  schedule. 


Adheii\/e 

Clamping  pressure 
(Ibfiln.’l 

Cure  temperature 

rn 

Cure  time 
(hr) 

EPY  ISO 

5-15 

-r70-+lS0 

1-72* 

EPY  350 

5-15 

350 

2 

PLD  700 

35-45 

500 

V/i 

M-Bond  6t0 

30-40 

340 

V/, 

* Depending  upon  temperature. 
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